We derived the sea level variability in the South Atlantic subtropical gyre between 15° and 35°S from 2 years of the Geosat exact repeat mission altimeter data. On the mesoscale, along-track wavenumber spectra are those of nonlinear dynamics with a steeper slope and stronger energy along the eastern boundary. Frequency/wavenumber spectra reveal a significant semiannual signal at a wavelength of about 500 km . West of the Walvis ridge (5°E), this signal appears to correspond to semiannual Rossby waves of 2-to 3-cm amplitude, propagating westward at 3 cm s -l, and showing latitude refraction effects . The pattern is very similar to that of annual Rossby waves as modeled by Reason et al. (1987). These waves are probably related to the semiannual wind component. However, understanding the exact mechanism for their excitation requires dynamical modeling. The large-scale variability also shows a significant semiannuaI component (about 6-cm amplitude and 15% of the yearly variance) in phase with c1imatological winds.
INTRODUCTION
Geosat satellite altimeter data have been proven a very powerful tool for observing ocean mesoscale circulation [Cheney el al., 1987 [Cheney el al., , 1991 . They provide quantitative esti mations of the variability or synoptic maps, and also higher order statistics, such as wavenumber spectra, autocoITela tion functions, and frequency-wavenumber spectra [e.g., Zlotnicki el al. , 1989; Fu and Zlolnicki, 1989; De Mey and Ménard, 1989; Sandwell and Zhang, 1989; Le Traon el al., 1990; Le Traon, 1991; Slammer and Boning, 1992] . Because the Geosat satellite orbit is not accurate enough, relatively !iule work has been done on the large-scale signais except in tropical areas. However, time series oflarge-scale variability maps have been constructed [e.g., Wunsch, 1991a] .
In the North Atlantic Ocean, statistical analyses of the mesoscale signal have been done quite systematically. Wavenumber spectra show complex variations with respect to latitude (related to the Rossby radius of deformation) and longitude (depending on the dynamical regime) [see Le Traon el al., 1990] . In the frequency-wavenumber domain the so-called eddy variability dominates, with wavelengths ranging between 200 and 500 km and with periods smaller than 150 days, but significant seasonal variability is also observed [Le Traon, 1991] . As for the large-scale signal, it appears to vary nearly in phase with the large-scale wind signal [Wunsch, 199Ib] .
Eisewhere in the ocean, except for root-mean-square (rms) variability studies [Zlolnicki el al., 1989; Sandwell and Zhang, 1989] , these mesoscale statistics have not been analyzed systematically. This paper concentrates on the South Atlantic subtropical gyre, between 15°S and 35°S, using the first 2 years of the Geosat exact repeat mission data. A similar analysis has been done for the Confluence Copyright 1993 by the American Geophysical Union .
Paper number 93JC00456. OI48-0227/93/93JC-00456$05.00 area between the Malvinas and the Brazil currents [Provosl and Le Traon, 1993] 
. Comparison with the North Atlantic
Ocean is expected to illustrate better the factors which control mesoscale variability. It has already been shown that mesoscale eddies cross the south Atlantic northwestward, from the tip of Africa to the coast of Brazil [Gordon and Haxby, 1990; Wakker el al., 1990] ; they are thought to transport significant amounts of warm water from the Agul has CUITent into the Atlantic. The rms variability also seems slightly larger during the northern winter, contrary to con ventional wisdom [Zlotnicki el al., 1989] . We will first analyze systematically the statistical properties of the me soscale variability. In section 3 the semiannual signal will be separated and its properties compared with those for semi an nuai Rossby waves. Time series of the large-scale vari ability signal as extracted by Wunsch [1991 a, b] from the same data are analyzed in Appendix B.
STATlSTlCAL PROPERTIES OF THE MESOSCALE SIGNAL
We start by describing the mesoscale signal, i.e., maps of the rms and 17-day decoITelation, along-track wavenumber spectra, frequency-wavenumber spectra, and pseudodisper sion relations. The latter will be caJculated in four domains of 15° longitude, labeled 21-24 (Figure 1 ). Ali properties have been estimated for 1987 and 1988 as weil as separately for the winter and summer seasons. The extraction and processing of the sea level anomalies (SLA) are described in Appendix A and in Le Traon el al. [1990] and Le Traon [1991] .
Variability Maps
The SLA variability map (Figure 2 ) has two maxima of up to 15 cm rms near the boundaries: the Brazil CUITent in the west and the Benguela CUITent in the east. In the central part of the basin the signal steadily increases southward from 3 to 6 cm rms. The variance of the mesoscale geostrophic veloc ity varies from 150 cm 2 s -2 in the central part to 950 cm 2 S-2 in the two energetic areas (not shown) . As is now weil established [e.g., Sandwell and Zhang , 1989; Che/ton et al. , 1990] , there is a cIear bathymetric control over the mesos cale variability (Figure 3) .
The values agree with those of Zlotnicki et al. [1989] and Chelton et al. [1990] for the height variability, and with those of Gordon and Haxby [1990] for the geostrophic velocity (the data were processed slightly differently in the two cases). The geostrophic velocities are also comparable with those derived from surface floats, though slightly smaller (by 25%) [Daniault and Ménard, 1985 ; Paterson, 1985; Piola et al., 1987] . However, few floats were deployed in the South Atlantic gyre during the First Global GARP Experiment (FGGE), so the estimation error due to sampling exceeds 20%. Figure 4 shows the isocorrelation lines of the SLA signal at a 17-day interval. In energetic areas the correlation is quite low, particularly along the Brazil current. In the central part it increases to the south, with values exceeding 50% between 30 0 S and 35°S. lndeed, we will see later that there is significant an nuai variability in this area. The correlation is slightly higher on the mid-Atlantic ridge (near 20 0 S-15°W) and isolines follow the Walvis ridge (near 25°S-5°E). These patterns are similar to those for the North Atlantic [ Le Traon, 1991] . Figure 5 gives the mean along-track wavenumber spectra for the four domains . They show the now cIassic three segment pattern. Below lOO-km wavelength they are flat and indicate the measurement noise level (3-4 cm). Between 100 and 500-600 km they have steep slopes ranging from -3 (for are a 21) to -4 (for area 24); we will cali this part the turbulent domain . For longer wavelengths the spectra are less steep and even flat in area 24. As the track length was 3000 km, the break at long wavelengths is weil defined, particularly in area 22. The break is at about 500 km, which is twice the wavelength of the first internai Rossby radius [Houry et al., 1987] . The Geosat signal is more energetic at ail wavelengths than the wet tropospheric correction signal deduced from the special sensor microwave imager data (see spectra in Minster et al. [1992] ). Therefore we do not expect -20
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our results to be affected by the inaccuracy of this correc tracks . Below we discuss how this relates to the semiannuaJ tion. signal. The area 24 spectrum is the most energetic at ail wave lengths, and particularly near 500 km; its slope is very steep, 2.3 . Frequency/Wavenumber Spectra in agreement with models for strongly nonlinear dynamics. On the contrary, the spectrum for area 21, the other area Figure 7 shows the total frequency/wavenumber spectra with strong variability , is not very different from spectra for for the four areas, for wavelengths between 100 and 3000 km areas 22 and 23, probably because the strong variability is and periods between 34 days and 2 years. These spectra are only encountered in the southern border of the area and only in variance preserving form. the longer tracks are analyzed. As already noted by Slam
In the Brazil current (are a 21), energy is found near 500 km mer and Boning [1992] , spectra such as in Figure 5 were only and 130 days, and for Jonger wavelengths (more than 900 km) found at higher th an 30° latitude in the North Atlantic, that and periods of 130-200 days. A strong signal is, of course, is, 10° further from the equator than in the South Atlantic. found at the shortest periods and ail wavelengths up to 2000 This suggests that circulation in the South Atlantic gyre is km. The spectra for areas 22 and 23 are simpler and less more energetic and less linear than in the North Atlantic energetic and show a dominant semiannual signal near 500 between 15°N and 30 0 N (see the discussion by Le Traon el km. Finally, in the Benguela CUITent (area 24), strong energy al. [1990] ).
is found between 50 days and the semiannual period and for In Figure 6 , spectra for ascending and descending tracks wavelengths from 300 to 500 km. Part of this signal is of area 22 are separated. They are identical in the turbulent certainly related to Agulhas eddies [Gordon and Haxby, domain (suggesting an isotropic signal) but different at longer 1990; Wakker et al., 1990] . wavelengths: the spectrum for descending tracks (northeast The aJong-track propagation spectra for group 22 are given to south west) is more energetic than that for ascending in Figure 8 ---- northwest and southwest with ener gies. This suggests that it propagates westward (or southwestward, as the energy in that direction looks slightly
There is also a in the northwest direction. Il is tempting to attribute the latter to Agulhas eddies [Gordon and Haxby, 1990] . Indeed, these propagate in this direction at 5-8 cm s -1 and thus should be seen at periods of the order of 100
The semiannual would then correspond to features different from these eddies.
A significant peak is found at 1500 km and 80 with a southwestward propagation. More there is signif icant variability at high frequencies and low wavenumbers. Although the are somewhat too these could he reIated to barotropic/topographic Rossby waves.
Finally, we constructed the pseudodispersion relation integrating the frequency-wavenumber spectrum over fre quency [Le Traon, 1991J. 9 shows the result for area 22. For wavelengths shorter than 600 km it is quasiLinear with a propagation velocity of 7.7 cm . A strong maxi mum is found near 600 km, with an inverse relation for longer wavelengths. This maximum cOlrresp()mis to the break in the wavenumber spectra and to the semian nuai of the frequency/wavenumber spectra. This disrelation looks much like that for the northeast Atlantic Ocean, except that the maximum is better defined. This again indicates that the South Atlantic is more than the North Atlantic gyre. The results for short wave lengths are consistent with a turbulent [Rhines, 1977] . For longer wavelengths the relation indicates a drastic gation of Rossby waves. In the inverse relation suggests that barotropic waves should be observed on these wavelengths as suggested [1990J on the basis of an analysis of fI H parameter over the ocean depth). 
. Variations With Seasons
Ali statistical properties were also calculated separately for the winter and summer seasons. Here we just give the results . The rms variability was found to be slightly larger everywhere during the northern winter (October 15 through April 15) than during summer (April 15 through October 15). It falls from II to 9 cm in the Brazil current, from 16 to II cm in the Benguela current, and from 8 to 6 cm in the central part, near 35°S. The error on the seasonal rms values is typically below 10%, assuming a de correlation ofone cycle over two and of along-track data over 100 km. The differences thus seem significant. This result agrees with that of Zlotnicki et al. [1989] . ln addition, we found that the 17-day isocorrelation was everywhere about 10% larger during the northern winter, i.e. , when the signal is stronger. In areas 22 and 23, along-track wavenumber spectra showed more energy for long wave lengths during the northern winter, while no significant differ ence could be found for the shorter wavelengths. Thus the larger variability during this season corresponds to both longer time correlations and longer wavelengths .
ANALYSIS OF THE S EMIANNUAL SIGNAL
The most striking result of the statistical study is the occurrence of a significant westward propagating semiannual signal with a wavelength of about 500 km. There are evi dence of semiannual ocean response in the southern hemi sphere. The FGGE drifting buoys were shown to have large-scale semiannual variations in phase with the wind [Large and van Loon, 1989] . Geosat data also showed a small but significant semiannual component of large-scale variability in the Southern Ocean [Chelton et al., 1990] . Similarly, the oscillations of the BraziUMalvinas currents confluence area are dominated by a semiannual signal [Pro vast and Le Traon, 1993] . Finally, semiannual Rossby waves were observed in the Indian Ocean by Park [1990] and C. Perigaud (personal communication, 1992) . ln this section we perform a detailed analysis of this signal in the South Atlantic gyre. We describe how the data were processed and the results, then analyze the signal character istics and discuss the possible excitation mechanisms.
. Data Processing
The annual and semiannual signais and their phases were extracted from SLA data. This was done by performing a fast Fourier transform (FIT) for each 2-year time series (44 seventeen-day cycles) every 10 km. If there were more than two consecutive missing cycles and the series was shorter than 1 year, the point was rejected. For each selected point and for ail tracks in the area, this gives amplitudes a i and phases cPi' Phases were set relative to early November 1986.
We calculated the rms amplitude of the semiannual signal and the ratio of energy of the semiannual to the annual cycle in each 2° latitude by 2° longitude square. The semiannual signal was mapped every month for a 6-month period, i.e., over a full cycle. This was done by calculating tirst the me an of ai cos (27f1/6 + 4>i) (1 is the time in months) on OS by OS squares, then applying objective analysis to the resulting values. The covariance function of the objective analysis was Gaussian, with an e-folding distance of 1° in latitude and longitude. The noise was a priori set to 10%. The noise and the squares are small enough to avoid smoothing of the signal, whicb has a wavelength of about 500 km. Thus we do not give any a priori information on its spatial structure or phase velocity.
Resu/Is
The rms amplitude of the semiannual signal is of the order of 3 cm in the middle of the South Atlantic subtropical gyre (Figure 10 ). Higher values are found along the eastern coast of the basin, with a maximum of 8 cm rms near the Benguela current at 33°S-8°W. The semiannual signal accounts for approximately 10-20% of the total variance , this relative energy being higher along the eastern coast (maximum of 24% at 33°S-8°W) and along 25°S. The semiannual signal is about twice as energetic as the annual signal there; south of 30 0 S and west of OO W, it is roughly half as energetic as the an nuai signal (not shown) .
The tirst three semiannual signal maps at I-month inter vals are shown in Figure Il . East of the Walvis ridge, the signal is almost stationary. The amplitude reaches a maxi mum of 10 cm at 33°S-8°E. West of 5°E a wave pattern appears clearly between 35°S and 20 0 S. Crests and troughs are very coherent in space (over more than 10 0 latitude). They are oriented along southeast to northwest lines and propagate southwestward. The wavelength is approximately 450 km . For a semiannual wave this corresponds to a phase velocity of about 3 cm s -1. The typical amplitude is 2-3 cm and is maximum between 30 0 S and 25°S. Amplitude, propa gation direction, and wavelength are in agreement with frequency-wavenumber spectra. Note also the south-north orientation of the tirst crest at about 5°E for the tirst-month map. In the following months, when the crest propagates slowly westward, it is oriented SE-NW. This pattern ex plains the anisotropy of the wavenumber spectra in area 22 (Figure 6 ). Finally, in the west the signal gets more complex and the wave pattern disappears, probably because of fea tures related to the boundary CUITent or because of reflection along the boundary. This analysis was also performed for the 2 years separately. The resulting maps showed the sa me characteristics with strong agreement on their phase . The most spatially coherent crests and troughs appeared to shift westward by about 800 km between the first and second year. This is consistent with propagation of the first-year signal at the estimated phase velo city (3 cm s -1) . This gives us confidence in our mapping. Recently, there has been sorne concern about the influ ence of tidal errors in annual and semiannual signais because the main tidal components are aliased at about these periods [Perigaud and Zlotnicki , 1992; Cartwright and Ray, 1990] . Given the altimeter frequency-wavenumber sampling, they can be aliased into signais with characteristics similar to Rossby waves. For example , M2 appears with an apparent period of 317 days and seems to propagate westward at 3 km/d phase velocity. S2 and KI are aliased near semiannual periods . However, the semiannual signal is particularly visible in the center of the basin, where these tidal components have an amphidromic point and thus a small amplitude. In addition, as the tidal signal is long in wavelength relative to the latitudinal size of our domain and the satellite crosses the region in less than 6 min, a tidal error signal would be strongly correlated along the tracks and show an apparent periodic pattern in the across-track direction. As the observed wavelike pattern is oriented almost NW-SE, it is probably not a tidal error effect.
Finally, at this point , it is worth considering again the statistically stronger signal during the northern winter, as it corresponds to wavelengths larger than 500 km . If this signal is mostly due to the semiannual slowly propagating waves, there is no particular reason for it to be stronger in winter, as any wave needs several years to cross the basin: a stronger signal in any particular season would result from interannual variations in wave amplitudes. In any case, this larger signal during the northern winter needs to be verified using several years of data.
Comparison With Properties of Semiannual Rossby Waves
The wavelike semiannual signal looks very much like a semiannual Rossby wave pattern. The apparent variation of phase velocity as a function of latitude agrees with the refraction of Rossby waves due to the variation of the Coriolis parameter [e.g., Schopf et al., 1981] . Using Geosat data, Park [1990] observed a semiannual signal near 40 0 S in the Crozet basin . The wavelength ranged from 300 to 600 km and the propagation was westward . The characteristics of our South Atlantic waves are thus very similar to those observed by Park [1990] . Finally , our observed pattern is remarkably similar to that of an nuai Rossby waves in the South Atlantic basin as modeled by Reason et al. [1987] (see their Figure 4 ). It must , however, be verified that they fit quantitatively with Rossby wave characteristics.
The dispersion relation for first-mode baroclinic Rossby waves is given by [e .g. , Pedlosky , 1979] -f3k w = ---=---;:-(1)
where w is the angular frequency of the Rossby wave, Kits wavenumber (K 2 = e + [2), k and 1 the zonal and meridional wavenumber compOnents, respectively, f3 the meridional variation of the Coriolis parame ter J, and ri thé first internai Rossby radius of deformation . Given a mean Rossby radius of about 40 km between 3SOS and 25°S [Houry et al., 1987] , a 500-km wavelength Rossby wave with a southwestward propagation should have a period of approximately 1 year. This is what Reason et al. [1987] observed in their numerical study. The observed phase velocity is thus about twice as large as it should be. This does not take into account bathymetry and advection by the mean CUITent. Either elIect cou Id explain the ob served diiierence.
In the presence of a mean zonal CUITent V, the Rossby wave dispersion relation (1) is modified as follows [Pedlosky, 1979] :
A mean zonal westward CUITent V (V < 0) of 10 cm S-I appears to be realistic for the South Atlantic subtropical gyre [Fu, 1981; Stramma and Peterson, 1989; Reid, 1989] . For the above parameters, this leads to a period of about 200 days, i.e ., very close to 180 days . The bottom topography also modifies the dispersion rela tion of baroclinic Rossby waves [e.g., Veronis, 1981; Barn ier, 1988] . Between 35°S and 25°S the meridional slope of bottom topography is about -1 x 10 -3 (see Figure 3) . This means that the topographic elIect is as significant as the f3 elIect. Although the topographic elIect on baroclinic Rossby waves depends on the three-dimensional wavenumber struc ture [Rhines, 1977; Veronis, 1981] , it can account for part of the observed diiierences. Note that Park [1990] also argued that the bottom topography slope was about -1 x 10 -3 and reached the same conclusion. However, the waves do not seem to be strongly influenced by the mid-Atlantic ridge, as the y unexplainedly cross it without any apparent change in their structure. As mean current and bottom topography both induce a larger phase velocity than is obtained by (1), we conclude that the observed wave pattern could be consistent with baroclinic Rossby waves.
Possible Generating Mechanisms
The observational evidence of baroclinic Rossby waves is supported by theoretical studies. In general, along with Kelvin waves, Rossby waves are the wavelike response of the ocean to any change in the balance of forces in spherical rotating shells. They can be generated at a meridional eastern boundary in response to local forcing such as local variations of the wind field along an eastern coast, north south fluctuations of an eastern boundary current, sudden changes in a current system , or forcing by coastal Kelvin waves [Anderson and Gill, 1975; White and Saur, 1981; Krauss and Wuebber, 1982; Mysak, 1983; Cummins et al., 1986; Reason et al., 1987; Wood and Wi/lmott, 1988; Shriver et al., 1991] . Mid-ocean Rossby waves, remote from intense western boundary currents, can also result from direct resonant wind forcing and interaction with the topography [e.g., Lippert and Kiise, 1985; Reason et al., 1987; Barnier, 1988; Hermann and Krauss, 1989] .
The generation of baroclinic Rossby waves in the South Atlantic Ocean has been numerically investigated by Reason et al. [1987] . They used a linear reduced-gravity model to calculate the oceanic response to the climatological annual period of the wind stress curl [Hel/erman and Rosenstein, 1983] . The model had realistic coastlines but did not include bottom topography. In the South Atlantic the response consists of annual Rossby waves with wavelengths ranging between 400 and 500 km. Phase propagation is generally southwestward, and refraction of wave energy toward the equator is observed. The most efficient wave generators are the wind stress curl maxima off the Namibian coast (25°S 10 0 E), near the Agulhas plateau at 38°S-25°E and in the interior near 38°S-lO o W. The maximum amplitude of the interface deformation is 24 m, which wou Id correspond to a surface elevation of about 3-4 cm.
As the observed Rossby waves generally have annual periods, most modeling studies have focused on the gener ation of annual Rossby waves. In particular, since the wind field is also known to have seasonal variations, they have often dealt with annual wind forcing. In the southern hemi sphere, however, the existence of a strong semiannual wind signal is weil established [van Loon and Rogers, 1984; Large and van Loon, 1989] . One may thus expect to observe oceanic semiannual Rossby waves as weil. An initial pole ward limit for their generation is given by the criticallatitude for su ch waves, which is on the order of 30 0 S [ Reason et al. , 1987] . This means that in areas where the semiannual wind signal is the strongest (south of 30 0 S), it cannot excite semiannual Rossby waves. This assumes that mean current and bottom topography characteristics do not significantly move the criticallatitude poleward. This is probably true for the current, since it is eastward south of 35°S [e.g., Fu, 1981] . On the other hand, Park [1990] found his semiannual Rossby waves at a latitude of about 40 o S, probably due to topographic effects.
In our study, waves appear to be generated along the eastern coast of South Africa. Assuming that the zonal evolution of their pattern results from wave refraction, the group velocity is directed eastward, since the first wave crest at about 5°E has a meridional axis. This means that the generation area is east of 5°E between latitudes 25°S and 30 o S. Otherwise, if the southwestward propagation does not result from wave refraction, this would imply a group velocity directed northwestward and a generation area fur ther south, probably near the Agulhas current. This would require a high criticallatitude of semiannual Rossby waves.
The most plausible generation area is thus east of 5°E between latitudes 25°S and 30 0 S. This is also where the semiannual signal is the strongest. Note that this is one of the generation areas found by Reason et al. [1987] . The waves may be excited by a local maximum of the second harmonic of the wind field and/or the Benguela current. To decide whether this is true, a detailed analysis of simultaneous winds in the South Atlantic would be needed. For the time being, this is difficult because the semiannual wind compo nent is not very weil represented in Atmospheric Global Circulation Models le.g., Meehl, 1991] . However, the max imum of the semiannual signal near 5°E is reached in November, in phase with the climatological wind signal [van Loon and Rogers, 1984] . Appendix B shows that the large scale variability signal as extracted by Wunsch [1991 a] also has a significant semiannual signal in phase with the wind signal.
CONCLUSIONS
Using 2 years of Geosat altimeter data, we extensively analyzed the mesoscale statistical properties in the South Atlantic gyre, between 15°S and 35°S. In agreement with former studies, the signal is more energetic along the west ern and eastern boundaries, while variability inside the gyre increases southward from 3-7 cm rms. Along-track wave number spectra are comparable for ascending and descend ing tracks, with sIopes of -3 to -4 for wavelengths between 100 and 500-700 km . Such nonlinear turbulent regimes are found 10° doser to the equator than in the North Atlantic. For longer wavelengths, a sm aller slope is found, consistent with linear dynamics. The mesoscale signal is still strongly correlated after 17 days (more than 40% correlation) in the middle of the gyre, while its variation is faster in energetic areas (less than 20% correlation after 17 days).
Frequency/wavenumber spectra show little annual signal but reveal an important semiannual signal near 500-km wavelength. This corresponds to a strong peak in the pseudodispersion relation. The relation is dispersive for longer wavelengths, consistently with propagation of Rossby waves.
We mapped the semiannual signal. It is stationary in the east of the basin, but in the middle of the gyre consists of wavelike features of 2-to 3-cm amplitude propagating west ward at 3 cm s -1. This wave pattern is north-south near 5°E, i.e., close to the Walvis ridge, but gets refracted and propagates southwestward near 30 0 W. This phase velocity may be consistent with that of semiannual Rossby waves if one takes into account mean current and/or bathymetry effects. This wave pattern is very similar to that of an nuai Rossby waves as modeled by Reason et al. [1987] in the same area.
These semiannual Rossby waves could be excited by the semiannual wind component near 5°E, and/or by interaction of semiannual variations of the Benguela current with the Walvis ridge. There, the semiannual signal is in phase with c1imatological winds, as analyzed by van Loon and Rogers [1984] .
Dynamical modeling would provide a better interpretation of this semiannual signal. The model should include realistic bathymetry and coastlines, including the open boundary with the Indian Ocean. Modeling would also be helpful for studying the reflection properties of the observed waves at the western boundary and the influence of bottom topogra phy [e.g., Bamier, 1988] . The wind forcing should also be realistic, at least with regard to its annual and semiannual components. The model should be able to reproduce the gyre circulation. More generally, the semiannual response of the South Atlantic subtropical gyre can be a test for dynam ical models of the circulation in this area.
ApPENDlX A
We processed the data and tested our techniques as described in Le Traon et al. [1990] and Le Traon (1991) . We used the Geophysical Data Records (GDR's) [Cheney et al., 1987) , ex ce pt for the more precise orbit calculated by Haines et al. [1990] . We did not use the T2-GDR's [Cheney et al., 1991) , as they were not yet available. We applied the geophysical corrections from the GDR's, plus an electro magnetic bias correction calculated as 2% of significant wave height. Anomalous values were eliminated following the now c1assic criteria. Data coverage is quite good in this area: for descending tracks, it is almost complete for the first year (22 cycles) and only slightly degraded for the second year (more than 15 cycles). More ascending tracks are missing, espe cially near the western boundary (Jess than 12 cycles per year).
To extract the altimetric mesoscale signal, we used the conventional along-track technique; by comparison with the work of Le Traon et al. (1990) , we analyzed longer arcs of 3000-km length. Given the 45 cm rms precision of the GEM-T2 orbit, the 1 cycle/revolution residual orbit error is weil described by a straight line [Tai, 1989 [Tai, , 1991 .
Sea level anomalies (SLA's), i.e., the differences between the detrended individual profiles and the mean arcs, were filtered along-track using a lOO-km cutoff wavelength Lanc zos filter. SLA isocorrelation at 17 days was derived from the temporal covariances at each point (every 10 km) . Maps were then produced for the rms SLA, for variance of the mesoscale geostrophic velocity and for the 17-day isocorre lation by objective analysis (Gaussian spatial autocorrelation with e-folding of 2° in latitude and longitude).
We then grouped the data into four domains ofabout 15° in longitude (Figure 1 ). There were about 22 tracks per group, but on average, half of them were too gappy for frequency/ wavenumber spectraJ calculation. Along-track statisticaJ properties were calculated separately for aH tracks and averaged for each group. Data were not filtered along-track before these calculations. For wavenumber spectra, sepa rate averages were aJso calculated for ascending and de scending tracks, as well as for the summer and winter seasons. Confidence intervals were estimated assuming that one in every three consecutive cycles and one in every three adjacent tracks were independent. Frequency/wavenumber spectra were estimated by two-dimensional FFT. They were either calculated as total spectra, or separately for each direction, corresponding to apparent along-track propaga tions (southeastward and northwestward for ascending tracks, southwestward and northeastward for descending tracks) .
ApPENDIX B
The semiannual variability of the Benguela current could be related to a similar effect in the whole South Atlantic gyre. In order to examine whether the latter also presents a semiannual signal, we analyzed the Geosat large-scale vari ability signal of the area, as extracted by Wunsch [1991 a) . The signal is extracted as foHows .
The initial data were the same as for mesoscaJe studies, except that the y are not corrected for tropospheric and ionospheric propagation effects . The orbit error was reduced by filtering the periodic signal out of the 6-day orbit arcs, at six frequencies close to 1 cyclelrevolution, 2 cycles/ revolution, and 4 cycles/revolution. This did not remove ail of the orbit error. The data were averaged along-track for 20 sand completed over land by the GEM-T2 geoid [Marsh et al., 1989) . They were then split into 3.4-day groups, and eaèh group was expanded into spherical harmonics over the globe, up to degree and order 18, as though the data were contemporaneous. This resulted in time series of the spher ical harmonic coefficients. Variability maps were con structed from the differences between each map and the mean of these developments. Finally, these altimetric vari ability maps were complemented by data from 34 tide gauge time series, ail longer than 2 years. These were attributed a variance of 100 cm 2 . This processing also provides formaI error maps of the estimates. In the South Atlantic gyre and most other places it is less than 4.5 cm rms. It is not known quantitatively how much residual orbit error or aliased geoid signal is still contained in these maps . ln general, they seem to have too much energy . Note that this type of processing aliases errors in the tidal corrections into periods much shorter than an nuai and semiannual (L. Fu, personal com munication, 1992) .
Time series for the first 2 years of the Geosat exact repeat mission were extracted in the middle of each of the four domains, at 25°S and 40 0 W, 22.5°W, 7.5°W and 10 0 E, respec tively. The original series are rather noisy (2u: about 50 cm) with spurious points larger than 1 m at the end of the period. This likely results from residual orbit error. Data exceeding the 2-a level were thus discarded. In addition, during the 2-year period the time series have systematic drift of about 15-cm amplitude, which was suppressed by linear regres sion. Finally, the data were monthly averaged. The resulting time series for area 23 is shown in Figure 12 .
The amplitudes and phases of the annual and semiannual components were caJculated by least squares regression , first for each year separately. In the Brazil current (area 21) the amplitudes of the annual signaIs differ by as much as 50% between the 2 years, but their phases, as weil as the amplitudes and phases of the semiannual signais, are similar. ln the center of the domain (areas 22 and 23) the signais are very consistent between the 2 years. In the east (area 24) they are very sm ail and not robust.
We then processed the 2-years' data. We verified that the results were insensitive to the preliminary processing of the time series (data elimination, detrending, and monthly aver aging). The interannual consistency, a weaker influence of the coasts, and a less severe etfect of mesoscale variability should make the results more significant at the center of the gyre . There the annual signal is dominant (13-to 15-cm amplitude; 65-80% of the variance). The semiannual signal is also significant, with an amplitude of about 6 cm (12-19% of the total variance). These two terms thus explain 85-90% of the total signal! The maximum amplitude of the annual signal is reached 310 days after November 1986, at the end of the northern summer. That of the semiannual signal is reached 12-24 days after November 1986.
Large and van Loon [1989] found that, in the South Atlantic gyre, the first and second harmonies of the 1979 . monthly mean zonal buoy drifts contributed 60-87% of their total annual variance and that the first maximum of the second harmonie occurred in May-June. Climatological winds present a northern summer maximum, and their semiannual component reaches its first maximum in June [van Loon and Rogers, 1984] . This is depicted in Figure 12 , which shows their zonally averaged climatological sea level pressure ditference between 35°S and 50 0 S (their equator ward signal is in phase with this one). Furthermore, the amplitude of their semiannuaJ wind component is higher west of the Walvis ridge . Thus the two estimations of the large-scale oceanic signais are in phase with each other and with the climatological wind forcing.
This coincidence suggests that the large-scale altimetric sign'al is not simply a noise or a residual orbit error. This result seems to confirm the finding of Wunsch [1991 b ] that, at large scales, the ocean responds quite directly to the large-scale variations of wind forcing.
